Plasma lipidomic profile is species specific and an optimized feature associated with animal longevity. In the present work, the use of mass spectrometry technologies allowed us to determine the plasma lipidomic profile and the fatty acid pattern of healthy humans with exceptional longevity. Here, we show that it is possible to define a lipidomic signature only using 20 lipid species to discriminate adult, aged and centenarian subjects obtaining an almost perfect accuracy (90%-100%). Furthermore, we propose specific lipid species belonging to ceramides, widely involved in cell-stress response, as biomarkers of extreme human longevity. In addition, we also show that extreme longevity presents a fatty acid profile resistant to lipid peroxidation. Our findings indicate that lipidomic signature is an optimized feature associated with extreme human longevity. Further, specific lipid molecular species and lipid unsaturation arose as potential biomarkers of longevity.
The natural history of lipids is closely related to the origin and evolution of life (1) . As Hulbert et al. (2) note, just as DNA has been described as an "eternal molecule", so lipid membranes could be considered an "eternal structure" because such membranes are the products of pre-existing membranes. As a result, all living organisms (including the three domains of life: archaea, bacteria, and eukaryotes) have lipid membranes. In this scenario, a recent study (3) with a phylogenomic approach to identify genetic targets of natural selection for increased longevity in mammals shows that genes involved in lipid composition have collectively undergone increased selective pressure in long-lived species, reinforcing the suggestion that cell membrane has been an optimized feature during evolution (4, 5) . Indeed, membrane fatty acid composition differs between animal species (vertebrates and invertebrates, including exceptionally long-lived species) and the susceptibility to oxidative damage of membrane lipids is inversely related to the maximum longevity (5) (6) (7) . As extension of these findings, plasma lipidome is also specie specific and an optimized feature associated with animal longevity (8) .
Plasma lipidome profile is the result of homeostatic systems that expresses, in a bidirectional interaction, cellular needs and specific physiological cell-tissue states. Consequently, cell-tissue-organ aging can modify the chemical composition of blood plasma (9) , analogously to the association of specific lipidomic signatures with complex diseases such as Alzheimer's disease, cardiovascular disease and metabolic disorders (10) (11) (12) . The human plasma metabolome is composed of around 4,229 confirmed compounds that can be grouped into more than 50 chemical classes (13) . Among these classes, lipids (including glycerolipids, phospholipids, fatty acids, glycolipids, and sphingolipids) represent more than 80% of the human plasma metabolome. Interestingly, in addition to lipid roles related to membrane structure and energy metabolism, in the last years lipids have been conceived as information-carrying molecules because its implication in signaling processes including cell-stress responses, cell survival, or inflammation (14) .
Despite the fact that systems biology-based approaches allow a comprehensive molecular characterization of complex biological systems, up to date no lipidomic studies investigating differences in plasma of exceptionally long-lived humans have been reported. Here, we have determined for first time the plasma lipidomic profile by using high-throughput lipidome profiling mass spectrometry (MS)-based technologies (a LC-ESI-QTOF MS/MS platform is used) to systematically define phenotypic patterns associated with genotypes of human extreme longevity. This has allowed us to define a robust lipidomic signature that accurately predicts the condition of extreme longevity allowing us to identify specific biomarkers of healthy aging.
Methods

Chemicals
Synthetic lipids were obtained from Avanti Polar Lipids Inc. (Alabaster, AL) and Sigma-Aldrich (Madrid, Spain). Fatty acid methyl ester standards were obtained from Larodan Fine Chemicals (Mälmo, Sweden) and from Sigma-Aldrich (Madrid, Spain). Methyl tert-butyl ether liquid chromatography coupled to mass-spectrometry (LC-MS), acetonitrile LC-MS, isopropanol LC-MS, potassium chloride, chloroform, ammonium formate, and ammonium hydroxide were purchased from Sigma-Aldrich (Madrid, Spain); methanol was from Carlo Erba (Milano, Italy); acetone was from Riedel-deHäen (Seelze, Germany); and LC/MS-grade isopropanol and formic acid were from Baker (Phillipsburg, NJ, EUA).
Study Population
Potential healthy subjects were selected from the population data system of the 11th Health Department of the Valencian Community (Valencia, Spain), which is composed of 29 towns (240,000 inhabitants). The inclusion criteria were to live in the 11th Health Department for at least the last 6 years and to sign the informed consent. The exclusion criterion was to be terminally ill for any reason. We found 27 (6 males/21 females) centenarians; 31 (10 males/21 females) randomly recruited aged subjects, and 31 (12 males/19 females) adult individuals. All experimental procedures were approved by the Committee for Ethics in Clinical Research of the Hospital de la Ribera (Alzira, Valencia, Spain). All subjects or their relatives were fully informed of the aims and scope of the research and signed an informed consent.
Blood Collection and Plasma Isolation
Blood samples were obtained by venipunction in the morning (between 7 and 8 am) after fasting overnight (8-10 hours) and collected in one VACUTAINER CPT (Cell Preparation Tube; BD, Franklin Lakes, NJ) containing sodium heparin as the anticoagulant. Plasma fraction were collected after blood sample centrifugation, and immediately frozen in liquid nitrogen, and transferred before 4 hours to a −80°C freezer for storage, to be used later for lipidomic analyses.
Lipidomic Analysis: Plasma Lipidome
Preparation of Lipid Standards
Lipid standards consisting of isotopically labeled lipids (see Supplementary Table 1) were used for external standardization (ie, lipid family assignment) and internal standardization (ie, for adjustment of potential inter-and intra-assay variances). Stock solutions were prepared by dissolving lipid standards in methyl tert-butyl ether at a concentration of 1 mg/mL, and working solutions were diluted to 2.5 μg/mL in methyl tert-butyl ether.
Lipid Extraction
Lipidomic analysis was based on a previously validated method (15) . Briefly, in order to precipitate plasma protein fraction, 5 μL of miliQ water and 20 μL of methanol were added to 10 μL of plasma sample. After the addition, samples were vigorously shaken for 2 minutes. Then, for lipid extraction, 250 μL of methyl tert-butyl ether (containing internal lipid standards) were added, and samples were immersed in a water bath (ATU Ultrasonidos, Valencia, Spain) with an ultrasound frequency and power of 40 kHz and 100 W, respectively, at 10°C for 30 minutes. Then, 75 μL of miliQ water were added to the mixture, and organic phase was separated by centrifugation (1,400g) at 10°C for 10 min. Lipid extracts, contained in the upper phase, were collected and subjected to mass spectrometry. A pool of all lipid extracts was prepared and used as quality controls as previously described (16) .
LC-MS/MS Method
Lipid extracts were subjected to liquid chromatography coupled to mass-spectrometry (LC-MS) using an Agilent UPLC 1290 coupled to the Q-TOF MS/MS 6520 (Agilent Technologies, Barcelona, Spain) based on previously published method (17) . Sample compartment was refrigerated at 4°C and for each sample, 10μl of lipid extract was applied onto 1.8 µm particle 100 × 2.1 mm id Waters Acquity HSS T3 column (Waters, Mildord, MA) heated to 55°C. The flow rate was 400 μL/min with solvent A composed of 10 mM ammonium acetate in acetonitrile-water (40:60, v/v) and solvent B composed of 10 mM ammonium acetate in acetonitrile-isopropanol (10:90, v/v). The gradient started at 40% B and reached 100% B in 10 minutes and held for 2 minutes. Finally, the system was switched back to 60% B and equilibrated for 3minutes. Duplicate runs of the samples were performed to collect positive and negative electrospray ionized lipid species in a TOF mode, operated in full-scan mode at 100 to 3000 m/z in an extended dynamic range (2 GHz), using N 2 as nebulizer gas (5 L/min, 350°C). The capillary voltage was set 3500 V with a scan rate of 1 scan/s. Continuous infusion using a double spray with masses 121.050873, 922.009798 (positive ion mode) and 119.036320, 966.000725 (negative ion mode) was used for in-run calibration of the mass spectrometer. Identity of the lipid species was confirmed by MS/MS as previously described (12) .
Data Analyses
The MassHunter Data Analysis Software (Agilent Technologies, Barcelona, Spain) was used to collect the results and the MassHunter Qualitative Analysis Software (Agilent Technologies, Barcelona, Spain) to obtain the molecular features of the samples, representing different, co-migrating ionic species of a given molecular entity (ie, ion adducts) using the Molecular Feature Extractor algorithm (Agilent Technologies, Barcelona, Spain) (18) . This algorithm uses the accuracy of the mass measurements to group-related ions (basing on charge-state envelope, isotopic distribution, and/or the presence of different adducts and dimers/trimers) assigning multiple species (ions) to a single compound referred to as a feature. Finally, the MassHunter Mass Profiler Professional Software (Agilent Technologies, Barcelona, Spain) was used to perform a nontargeted lipidomic analysis over the extracted features. Only common features (found in at least 75% of the samples of the same condition) were taken into account to correct for individual bias. Variable importance in projection score was calculated using Metaboanalyst software (19, 20 
Lipidomic Analysis: Plasma Fatty Acids
Fatty Acid Preparation
After lipid extraction, fatty acyl groups were analyzed as methyl esters derivatives by gas chromatography (12) . Briefly, fatty acids were transesterified by incubation in 2 mL of 5% methanolic HCl at 75°C for 90 minutes. The resulting fatty acid methyl esters were extracted by adding 2 mL of n-pentane and 1 mL of saturated NaCl solution. The n-pentane phase was separated, evaporated under N 2 gas, redissolved in 80 μL of carbon disulfide and 2 μL were used for gas chromatography analysis.
Gas Chromatography Method
The analysis was performed on a GC System 7890A with a Series Injector 7683B and a flame ionization detector (Agilent Technologies Inc., Barcelona, Spain) equipped with a DBWAX capillary column (length 30 m × inner diameter 0.25 mm × film thickness 0.20 μm; Agilent Technologies Inc., Barcelona, Spain). The injections were performed in the splitless mode. The temperature of the injector was 220°C. The flow rate of helium (99.99%) carrier gas was maintained at a constant rate of 1.8 mL/min. The column temperature was held at 145°C for 5 minutes; subsequently, the column temperature was increased by 2°C/min to 245°C for 50 minutes, and held at 245°C for 10 minutes, and with a post-run of 250°C for 10 minutes. anti
)]*100.
Desaturase activities were estimated from specific product/substrate ratios according to Guillou et al. (22) : For ∆9(n-7) desaturase: 16:1n-7/16:0; for ∆9(n-9) desaturase: 18:1n-9/18:0; for ∆8(n-6) desaturase: 20:3n-6/20:2n-6; for ∆5(n-6) desaturase: 20:4n-6/20:3n-6; for ∆6(n-3) desaturase:18:4n-3/18:3n-3. Elongase activities were also estimated from specific product/substrate ratios according to a study by Guillou et al. (22) : For ELOVL3 (n-9) elongase: 20:1n-9/18:1n-9; for ELOVL3 (n-9) elongase: 22:1n-9/20:1n-9; for ELOVL6 elongase: 18:0/16:0, for ELOVL1, 3 and 7 elongases: 20:0/18:0, 22:0/20:0, 24:0/22:0; for ELOVL5 elongase: 20:2n-6/18:2n-6, for ELOVL2 and 5 (n-6) elongases: 22:4n-6/20:4n-6, for ELOVL2 and 5 (n-3) elongases: 22:5n-3/20:5n-3, for ELOVL2 (n-3) elongase: 24:5n-3/22:5n-3. Finally, peroxidation β-oxidation was estimated according to the ratio 22:6n-3/24:6n-3.
For each variable, similarities among the age categories were assessed using a linear regression model, where the fatty acid variable was the dependent variable and the age groups and gender were the explanatory covariates. The age categories "adult" and "centenarian" were compared with the "aged" category in each model. Statistical analyses were performed using the R statistical software (version 3.0.1) (http://www.r-project.org).
Results and Discussion
The first aim of this work was to characterize the human plasma lipidome in order to discover novel lipid species or groups of lipid species as biomarkers of extreme human longevity and, consequently, healthy aging. For this purpose, we have analyzed plasma lipidome from healthy human grouped as adults (29.9 ± 5.8 years), aged (75.8 ± 2 [70-80] years), and centenarians (100.6 ± 2.4 [98-107] years). Using nontargeted approach and selecting those molecular features which were present in at least 75% of the samples of the same group (about 3000 molecular features in both positive and negative ionization), multivariate statistics were applied. Specifically, nonsupervised methods (hierarchical clustering and principal component analysis) show perfect clusterization of adult, aged, and centenarian subjects ( Figure 1A and B) . Interestingly, some aged subjects group together with centenarians, and they may have higher possibility of becoming centenarians. Furthermore, the use of a supervised method (PLS-DA) allows us to define a specific lipidomic signature for each group with best accuracy (100%; Figure 1C ). Then, and using PLS-DA molecular features, we implemented variable importance in projection or variable importance in projection score for selecting the most important lipid species determining lipidome signature (Figure 2A ). Twenty (20) with highest score were chosen to perform PLS-DA ( Figure 2B) showing that only 20 lipid species were enough to determine a specific lipidome signature, which stratify subjects according to their "longevity" status (adults, aged, and centenarians) with a high accuracy (90%-100%).
Subsequently, univariate statistics (one-way analysis of variance, Benjamini-Hochberg false discovery rate, p < .05) revealed 1,553 different lipid species (834 in positive ionization mode and 719 in negative ionization mode) between adult, aged, and centenarian Notes: Molecular features were selected after k-means clustering analyses of those features which reach values of p < .05 (Benjamini-Hochberg multiple testing correction). Identities were proposed by exact mass, retention time, and isotopic distribution. *Identities were proposed by exact mass, retention time, isotopic distribution, and MS/MS fragmentation spectra.
# Molecules with the same exact mass but different retention time. groups (DataSet1). The 25 molecules with lowest p value define almost perfectly the three groups using hierarchical clustering analysis ( Figure 2C) . Furthermore, and in the same line of PLS-DA, again as with the principal component analysis, the same aged subjects clustered with centenarians, thus reinforcing the possibility that they reach 100 years of age. If we focus on individual molecules, most of them were similar in concentration in aged subjects and centenarians, but some lipid species showed similar abundance for adult and centenarian subjects. Among them we found a triglyceride [TG(64:11)], a phosphatidylserine [PS(40:3)] and others which, unfortunately, we could not identify (the lipid species were represented in graph as exact mass at retention time; Figure 2C ). The limited success in identification process led us to apply k-means clusterization to all statistically significant molecules (Supplementary Figure 1) , choosing those clusters containing molecules that increased or decreased in adults and centenarians versus aged subjects (in the assumption that biomarkers with identical abundance in adults and centenarians can be considered as biomarkers of longevity). Based on this analysis, we recognized 139 lipid species that were increased in adults and centenarians and 84 lipid species decreased. The identification process was based on exact mass, retention time, isotopic distribution, and MS/MS spectrum. Among identified lipids, most of sphingolipids were decreased in adults and centenarian subjects, whereas sterols and glycerolipids were increased. Specific molecular species of glycerophospholipids were also differentially affected by the aging process (Tables 1 and 2 ). Lysophaphatidylcholines are bioactive molecules that were previously related to cardiovascular risk (23, 24) . Specifically, we found the levels of LPC(18:1) decreased in aged group ( Figure 2D) .
Interestingly, low sphingolipid levels seem to be central for healthy aging. Sphingolipids are complex lipids widely involved in cell signaling (25) . Among sphingolipids, we found basically affected ceramide and glucosylceramide species. Ceramides mediates several cell-stress responses such as cell senescence, cell differentiation, Figure 3 . Boxplots of the fatty acid variables distribution by age category. (A) Fatty acids and indexes with higher levels in adult and centenarian subjects respect aged one (first line of graphs). (B) Fatty acids and indexes with lower levels in adult and centenarian subjects respect aged one (second and third line of graphs). The age categories "adult" and "centenarian" were compared with the "aged" category using a linear regression model that included age groups and gender as explanatory variables. The statistical significance of the above mentioned comparisons is included in the figures as *p < .05 **p < .01, and ***p < .001. Left boxplot, adult group; Middle boxplot, aged group; Right boxplot, centenarians group. DBI = double bond index; PI = peroxidizability index.
autophagy, and apoptosis (14, 26) . Furthermore, high plasma levels of this lipid species were previously related to both cardiovascular and neurologic diseases explaining why low levels of sphingolipids could be a healthy aging biomarker. Figure 2E shows the statistically significant lower levels of the ganglioside (d-40:1) in adult and centenarian group compared with the aged group. Higher levels of two specific cholesterol ester molecules [CE (20:5) and CE(22:5)], as well as several glycerolipids [trigycerides (TG) and diglycerides (DG)], were found in both adults and centenarian subjects. Diverse specific TGs and DGs and long chain CEs in plasma were directly or inversely previously related to aging (27) and age-related pathologies (12, 28, 29) . The specific role of each lipid is still unclear and further studies will be required to shed light to this issue. Finally, several molecules belonging to glycerophospholipid family were identified. Glycerophospholipids constitute the main component of cellular membranes, but they also play a crucial role as signaling molecules in many physiological and pathological processes. Changes in phospholipids plasma concentration were previously described in memory impairment in older adults (30) arising also as potential good biomarkers for healthy aging. Therefore, these findings suggest that lipidomic profile is (i) an optimized feature associated with extreme human longevity; and (ii) express a resistance to aging which is maintained during the whole life of the individual.
The second aim was to analyze the human plasma fatty acid composition of the whole lipidome in order to discover specific fatty acids or a fatty acid pattern as additional biomarkers of extreme human longevity. Globally, we observed that extreme longevity is significantly associated with a higher average chain length and saturated fatty acid content, and a lower content of unsaturated fatty acids, particularly polyunsaturated fatty acids ( Supplementary Figure 2A and B) . Specifically, after applying a linear regression model using as a dependent variable, each individual fatty acid and derived indexes, and age and gender as explanatory covariates, we found that three of them (C18:0, C20:0 and C22:1n-9) are significantly higher in adults and centenarians versus aged subjects, and other three (C16:0, C20:2n-6 and C20:3n-6) in the other way around (Figure 3 ). These changes in fatty acid profile can be ascribed to specific changes in desaturase and elongase activities (Supplementary Table 2 ). Interestingly, by contrasting these fatty acids with the lipid species characterized in Tables 1 and  2 , both C16:0 and C22:1n-9 appears as potential fatty acid biomarkers of extreme longevity. Furthermore, this new compositional pattern determines that the density of double bonds in fatty acids (double bond index) and susceptibility to peroxidation (peroxidizability index), which takes into account that the sensitivity to peroxidation increases as an exponential function of the number of double bonds per fatty acid (7) (Figure 3 ) were significantly lower in adults and centenarians compared with aged subjects, clearly suggesting that lipids from centenarians are more resistant to lipid peroxidation and remain to the level of adult ones. Reinforcing this idea, the low anti-inflammatory index detected in centenarians (Supplementary Figure 2B) seems to express an adaptive response to a low oxidative stress present in centenarians. These results are in keeping with the postulates of the inflammaging theory of aging (31) . Therefore, an oxidation-resistant lipidomic signature gives extreme longevity to humans, analogously to the resistance to lipid peroxidation of membrane fatty acid composition described for long-lived animal species (2,5-7), maximized longevity in animals maintained on caloric restriction (32, 33) , and offspring of long-lived individuals (34, 35) .
A limitation of the present study is related to the current state of lipidomics technology that is the lack of comprehensive annotated endogenous lipid databases to aid in the identification of as many lipids as possible and the availability of pure compounds for validation and quantitation of identified lipid species. Furthermore, we are far from understanding the biological significance of this compositional complexity. In addition, although to minimize the dietary influence in lipidome we controlled the time of sampling, we cannot completely reject that some metabolites resulting from nutrients metabolism could affect plasma lipidome. Further, our whole cohort represents a population from a restricted geographic area in Spain and as such can be considered relatively homogeneous regarding lifestyle and dietary habits. However, several studies confirm that the influence of diet on lipid composition is limited (2, 36) , reinforcing the validity of our findings. Finally, although our findings must be compared and validated in much bigger cohorts to provide future predictive utility, they show the power of lipidomics to better understand the phenotype of extreme longevity in the human population and to link this knowledge in functional studies to longevity pathways. In conclusion, our findings suggest that (i) centenarians are resistant to normal, age-related changes in lipids; and (ii) lipid species and their metabolism are closely linked to the human longevity determination, emerging specific lipid molecular species and lipid unsaturation as potential biomarkers of longevity.
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